Brass was treated after 4 GPa high pressure heat treatment at 700°C insulated for 15 min, and the effects of 4 GPa high pressure heat treatment on micro-mechanical properties of the brass were discussed by optical microscope, transmission electron microscopy, scanning electron microscope and nanoindenter. The results showed that 4 GPa high pressure heat treatment could increase the hardness, elastic modulus and elastic recovery coefficient, and decrease its friction coefficient. They were attributed to the microstructure of brass that became finer and more uniform compact after 4 GPa high pressure heat treatment.
Introduction
Brass has been widely used in machine, electrical equipment and instrument industries due to its high strength, good heat-proof and good corrosion resisting property. The higher requests to properties of brass are put forward with the rapid development of modern industry. Thus, it is very important practical significance to improve the mechanical properties of the brass, including refining the microstructure of brass. 1) In recent years, it has been found that high pressure has many advantages in nucleus formation, reducing atom diffusion coefficient, resulting in grain growth inhibition.
25) Accordingly, high pressure has been attracting scientists' great attention because it can improve the microstructures of brass.
68) The results of our recent research show that it can refine the organization of brass, but the mechanical property of it is not clear by high pressure treatment. In addition, nanoindentation technology has been found that is a new effective method in measuring materials mechanical properties in recent years. It is different from traditional microhardness testing that can avoid artificial errors caused by the person, can reflect the mechanics properties of the material itself, and has been used in nonferrous metal fields.
911)
Therefore, micro-mechanical properties of brass were measured by nanoindentation before and after the high pressure heat treatment in the paper.
Experiment
The tested material is cast brass, its chemical components (mass fraction, %) is 62.19 Cu, 37.78 Zn, 0.03 the other, the sample's size is¯10 © 8 mm, and it was sealed into graphite pipe, there are lots of pyrophyllite powder between them, then they are assemblied into pyrophyllite mould. The schematic drawing of sample assembly is shown as Fig. 1 . And the pyrophyllite is used for pressure-transmitting medium. After the pyrophyllite mould was placed into pressure chamber of CS-IB type six level top press, heat treatment was done in it by resistance heating under high pressure which is 4 GPa, after heating at 700°C and lasting for 15 min, shutting off power and cooling to room temperature on holding up pressure. The micro-mechanics experiments were performed on a triboindenter type nanoindenter. Berkovich type indenter with curvature radius of 150 nm was chosen to test the hardness and elastic modulus, in which load resolution was 10 nN and the displacement resolution is 0.04 nm. The maximum load is 1000 µN and is hold for 10 s, and loading and unloading rates is 100 µN·s ¹1 . In addition, the varied values of the sample's hardness and elastic modulus with indenting depth can be obtained by continuous loading on a certain area of the sample's surface for 1 min. A conical-type indenter with curvature radius of 2 µm was used for testing the fraction coefficient of the brass, its load was 1000 µN, and its transverse moving rate is 0.33 µm·s ¹1 . The data is the mean value of three measured results. The microstructures of the brass before and after 4 GPa high pressure heat treatment were analyzed by means of Axiovert 200MAT optical microscope, S-4800S scanning electron microscope with EDS and JEM-2010 transmission electron microscope. Figure 2 shows the microstructures of brass before and after 4 GPa high pressure heat treatment. It can be seen that the grains are very coarse before treatment, and they become refined and more homogeneous after 4 GPa high pressure heat treatment. As the XRD diffraction pattern (Fig. 3 ) can be seen, the microstructures of brass both are composed of ¡ phase and ¢ phase before and after 4 GPa pressure heat treatment, ¡ phase exists in white area, ¢ phase mainly exists in the black area. TEM (Fig. 4 ) can be seen, the dislocation density of microstructure of brass is increased after 4 GPa high pressure heat treatment. The test results show that the density of brass before and after 4 GPa high pressure treatment were 8417 and 8426 kg·m ¹3 . From the above experimental results it can be seen, the compactness of the brass can be increased and grains become refined and more homogeneous by 4 GPa high pressure heat treatment, but it cannot generate any new phase. Because the nucleation and growth of new phase is accomplished by atomic diffusion. As for the high pressure, on the one hand, it can decrease the critical free energy of nucleus formation, and improve the nucleation rate. On the other hand, it decrease the atoms spacing, and reduce atomic diffusion coefficient, 12) restrain the growth of nucleus. Finally, it can generate great internal stress in the brass organization, which cause a large lattice distortion and dislocation in grain. It can provide more sites for the nucleation of new phase. So more fine grains can be attained after high pressure treatment. At the same time, high pressure can make the brass internal micropores bridge, resulting in reduction for the number of microscopic holes and increment for the brass compactness. Accordingly, the 4 GPa high pressure heat treatment can make brass microstructure more fine, uniform and compact.
Results and Discussion

Microstructure
3.2 Micro-mechanical property 3.2.1 Nano-hardness and elastic modulus Figure 5 shows the load/unload-depth curve of the brass before and after 4 GPa high pressure heat treatment. It can be seen that both the load and unload depth curves are nonlinear for two state brass. It suggests that the brass not only can produce elastic deformation, but also can produce the plastic deformation after the high pressure treatment. At the maximum load 1000 µN lasted for 10 min, the tiny platform appear in the curve. It shows both state produced creep, brass by no treatment creep value is 7.05 nm that is greater than by 4 GPa pressure heat treatment (3.76 nm). It can be seen from Fig. 6 , there are protuberances around indentation for two state brass, but it is smaller before 4 GPa high pressure heat treatment obviously. Figures 5 and 6 can be concluded that indentation resistance deformation of brass by 4 GPa high pressure treatment has been improved.
To quantify the degree of the plastic deformation, elastic recovery rate (R/%) is used to characterize plastic property of the brass. R ¼
, where h max and h f is maximum displacements in loading and residual displacement after unloading respectively. The test results of micro mechanical properties for two state brass are shown in Table 1 . It can be seen from it that 4 GPa high pressure treatment can increase the nanoindentation hardness (H), elastic modulus (Er), the elastic recovery coefficient (R) and the ratio of hardness to (H/E) elastic modulus. And they are increased by 10.42, 4.40, 8.57 and 19.86% after high pressure heat treatment respectively. Generally, the larger the elastic recovery coefficient is, smaller the plastic deformation is, and larger indentation deformation resistance is. Accordingly, the 4 GPa high pressure heat treatment can improve the elastic recovery coefficient and indentation deformation resistance. Figure 7 shows the relationship between the nanoindentation hardness and elastic modulus and the indent depth. It can be seen from it that 4 GPa high pressure heat treatment can improve the hardness of brass, and the nanohardness decreases gradually with the indent depth increasing in both two state brass, that is the hardness indentation size effect phenomenon. 13) As for elastic modulus, it is fluctuating in two state brass. And the differences of the maximum and minimum of the elastic modulus of brass before and after 4 GPa high pressure heat treatment is 14.04 and 9.86 nm respectively. It indicates that the elastic modulus fluctuation decreases after 4 GPa high pressure heat treatment, but the elastic radios in two state brass don't have indentation size effect phenomenon. The 4 GPa high pressure heat treatment can refine the microstructure of brass, increase the compactness of it. Furthermore, it can produce bigger distortion of lattice in the microstructure, increase the dislocation density, and strength intensity, so the hardness of brass increases after 4 GPa high pressure heat treatment. With indenter depth increasing, the width of indenter that was indented into the brass increases, resulting in decreasing the nucleation rate of the dislocations under the indenter and then the dislocation density decrease, and the hardness of brass decreases. So it appears hardness indentation size effect phenomenon. 
Effects of 4 GPa Pressure Heat Treatment on Micro-Mechanical Properties of Brass by Nanoindentation
As for the elastic modulus, the relationship between it and materials' porosity is as follow:
2 ), where P is porosity, E 0 is elastic modulus of imporosity materials, E is the elastic modulus of pore materials. As can be seen from the above relationship that bigger porosity is, smaller the elastic modulus is. The fluctuations of elastic modulus is connected with the pore defects and the structural heterogeneity in materials. 15) In general, less the pores is, more homogeneity the microstructure is, smaller the fluctuation of the elastic modulus is. The 4 GPa high pressure heat treatment can increase compactness of the brass and reduce the pore number, and improve the uniformity and compactness of the brass. So it can increase the hardness and decrease its elastic modulus fluctuation for brass. Figure 8 shows the micro graph of scratches of the brass and the friction coefficient distribution in two states. It is shown that the average friction coefficient is 0.248 and 0.238 before and after 4 GPa high pressure heat treatment respectively. Furthermore, the fluctuation phenomenon exists in both friction coefficient curves. And less fluctuation can be obtained in the friction coefficient after 4 GPa high pressure treatment. Meanwhile, the absolute value of friction coefficient is also smaller comparing with that before high pressure heat treatment. Because there are defects such as gaps and the uneven distribution of composition phases in materials microstructure, causing hardness of materials micro-area different, in the process of friction, wear and deformation difference are caused on friction surface micro area, resulting in instantaneous change of friction surface roughness and leading to the fluctuation of the friction coefficient. 16) There are casting defects such as internal micropores and component segregation, and the size and the distribution of ¡ and ¢ phase are not uniform, so fluctuations of the coefficient of friction of cast brass is bigger. The 4 GPa high pressure heat treatment can decrease the number of micropores in brass, but it is also a high temperature heat treatment for cast brass, it makes the Zn and Cu atoms diffusion sufficiently, eliminates component segregation, microstructure becomes more homogeneous and compact. In addition, the ratio of hardness to elastic modulus (H/E) has influence on the wear-resisting property of the materials. Larger H/E is, higher the wear-resisting property is.
Friction coefficient
17) The 4 GPa high pressure heat treatment can increase H/E and reduce friction coefficient, thus it can improves wear-resisting property of the brass. 
Conclusions
